Stress responses in plants involve changes in the transcription of specific genes. The constitutively active mutants of two related Ca 2+ -dependent protein kinases (CDPK1 and CDPK1a) activate a stress-inducible promoter, bypassing stress signals. Six other plant protein kinases, including two distinct CDPKs, fail to mimic this stress signaling. The activation is abolished by a CDPK1 mutation in the kinase domain and diminished by a constitutively active protein phosphatase 2C that is capable of blocking responses to the stress hormone abscisic acid. A variety of functions are mediated by different CDPKs. CDPK1 and CDPK1a may be positive regulators controlling stress signal transduction in plants.
antibody to HA. Transfected protoplasts were incubated for 4 hours to allow mRNA accumulation and then labeled with [ 35 S]methionine (200 µCi/ml) for 12 hours before being harvested. Immunoprecipitation was carried out according to a published protocol (17) . The proteins were separated by a 12.5% SDS-polyacrylamide gel electrophoresis and visualized by fluorography. Lanes are as follows: 0, background control; 1, ATCDPK; 2, ATCDPK1; 3, ATCDPK1a; 4, ATCDPK2; 5, ATPKa; 6, ATPKb; 7, ASK1; 8, ASK2; and M, protein molecular weight markers (92, 66, 43, 27, 18, and 14 kD) . All PK constructs resulted in bands at approximately 30 to 35 kD for lanes 2 through 8 and around 55 kD for AK1/ATCDPK, which indicates that all transgenes are expressed efficiently. The reasons for the larger size and the detection of the doublet for AK1/CDPK are not clear. (C) ATCDPK1 and ATCDPK1a activate stress-inducible transcription. Maize leaf protoplasts were transfected with HVA1-LUC alone and incubated without (C) or with (A) 100 µM of ABA. HVA1-LUC was also co-electroporated with the PK constructs (bars 1 through 8) and incubated without ABA. Relative LUC activities from duplicated samples are shown. Cell lysates from 2000 protoplasts were used for LUC (22) and GUS assays (5, 10) . The experiment was repeated three times with similar results.
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Eight Arabidopsis PKs with full-length coding sequences available (15, 16, (18) (19) (20) were chosen for the experiments. Two CDPKs (ATCDPK1 and ATCDPK1a) are very closely related (96% amino acid similarity), whereas the other two CDPKs (AK1/ATCDPK and ATCDPK2) have more divergent sequences (78 and 75% amino acid similarity, respectively, to ATCDPK1). It has been shown that AK1/ATCDPK and ATCDPK2 possess Ca 2+ -dependent PK activity, and the truncated AK1/ATCDPK has Ca 2+ -independent (constitutively active) PK activity in vitro (15, 16) . However, the PK activity of ATCDPK1 has not been demonstrated by in vitro assays because it does not phosphorylate common PK substrates (15) . The effect of four other Arabidopsis PKs (ATPKa, ATPKb, ASK1, and ASK2) that share significant homology with the ABA-inducible PK (PKABA1) (20) , which is speculated to mediate ABA signal transduction, were also tested. These PK cDNAs were obtained by polymerase chain reaction (PCR), and at least two clones of each cDNA were used for transient expression analysis. Truncated forms containing all 11 PK domains, analogous to the construction of a constitutively active mutant of CaMKII in mammals (17) (Fig. 3A) , were inserted into the plant expression vector with a strong constitutive promoter, 35SC4PPDK (5, 6, 21) . The putative regulatory domains of these PKs were deleted (21) . To allow monitoring of expression, these PKs were fused in-frame to a double hemagglutinin (DHA) epitope tag (21) at the COOH-terminus. The expression of the eight PKs in transfected maize leaf protoplasts was demonstrated by immunoprecipitation of [ 35 S]methionine-labeled proteins with the monoclonal antibody to HA (Fig.  3B) .
To quantitate the effect of PKs on stress signaling, another chimeric gene with the HVA1 promoter and the luciferase coding sequence (HVA1-LUC) (22) was generated. Coexpression experiments were performed by electroporation of the reporter (HVA1-LUC) and the effector (35SC4PPDK-PK-DHA) plasmids together into maize leaf protoplasts. The results showed that ATCDPK1 and ATCDPK1a, but not the other six PKs, could activate LUC expression controlled by the HVA1 promoter (Fig. 3C) . The identical set of PKs without the DHA tag gave the same results (11) . The expression of UBI-GUS as an internal control was not affected (11) .
To show that the PK activity is important for the activation of the stress-inducible HVA1 promoter, a null mutation was made by site-directed mutagenesis to eliminate the adenosine triphosphate (ATP) binding site Lys 40 (K40) (15, 17) in ATCDPK1. The kinase mutation (K40M) did not affect the expression of the protein (Fig. 4A) , but it could no longer activate the expression of HVA1-SGFP (Fig. 4B) . The expression of UBI-SGFP was not affected by ATCDPK1 or the ATCDPK1 mutant (11) . This result indicates that the PK domain of ATCDPK1 is required and sufficient to recognize specific protein substrates mediating stress signal transduction. The deleted regulatory domain is probably involved in PK activity control in response to stress signals (14) (15) (16) (17) . Immunoprecipitation was the same as in Fig. 3B. (B) The ATCDPK1 (K40M) mutant does not activate stress signaling. Maize leaf protoplasts were electroporated with HVA1-SGFP alone or with ATCDPK1 (CDPK1) and the ATCDPK1 (K40M) mutant (CDPK1mut). About 10 5 protoplasts from each treatment were observed with a fluorescent microscope (6) . About 50% of the protoplasts were transiently transformed. (C) PP2C blocks the action of CDPK1. Maize leaf protoplasts were electroporated with HVA1-LUC alone or with the effectors as indicated. PP2C null does not show PP2C activity (13) . The experiments with the constitutively active PP2C or the null PP2C were performed with two concentrations of plasmid DNA (+, 20 µg and ++, 60 µg). LUC and GUS assays were performed with cell lysates from 2000 protoplasts (5, 10, 22) Relative LUC activities from duplicated samples are shown. The experiment was repeated three times with similar results. [View Larger Versions of these Images (123K GIF file)]
To further investigate the idea that ATCDPK1 and ATCDPK1a are positive regulators in plant stress signal transduction, I tested the effect of a specific and constitutively active Arabidopsis protein phosphatase 2C (PP2C) (13, 23) , which is capable of abolishing ABA responses. As shown in Fig. 4C , HVA1-LUC expression activated by ABA was repressed by the constitutively active PP2C (13) . The constitutive PP2C, but not its null version (13) , decreased but did not abolish HVA1-LUC expression enhanced by ATCDPK1 (Fig. 4C) . Other serine-threonine PPs such as PP1, PP2A, and PP2B might be required to completely counteract the effect of ATCDPK1, which could be a convergent point of multiple stress signaling. The same results were obtained with ATCDPK1a, and the expression of the internal control UBI-GUS was not affected (11) . As the genes involved in stress responses are highly conserved in plants, the role of ATCDPK1 and ATCDPK1a in stress signal transduction may extend to various cell types of diverse plant species. Thus, the manipulation of specific CDPK activities might have important agricultural applications in protecting crop plants from stress damage and yield loss.
I used maize leaf protoplasts and the vital reporter GFP to dissect evolutionarily conserved signaling pathways in higher plants. The elucidation of intracellular signaling mechanisms at the cellular level should facilitate the understanding of signal transduction pathways in whole plants.
